Background: A long-segmental tracheal lesion is difficult to repair by tracheal al-
(2 × 2 cm) wild-type pig tracheal patchy in a dog tracheal defect model before trying a long-segment tracheal defect model and using a genetically modified pig as a donor in dog xenotransplantation.
Method: Three healthy beagle dogs (8-9 kg) were used as recipients, and one pig (20 kg) was used as the donor. A pig cartilaginous tracheal patchy (2 × 2 cm half tube) was sutured to the tracheal resected site in each dog. Antithymocyte globulin (2.5 mg/kg infusion, D0 and 1), tacrolimus (4.5 mg/kg, twice a day for 2 months), and methylprednisolone sodium succinate (1 mg/kg, IV, for 2 days and tapering) were administered for immunosuppression. The levels IL-2 and IFN-γ in the serum were measured at D0, 7, and 28. Tracheoscopy was performed at D28, 60, and 90. The recipients were sacrificed at D90, and the expression of dog and pig genes in the graft was evaluated by PCR. Histopathological examination of the graft was conducted.
Results: All of the dogs survived without complications during the experimental period. Their IL-2 and IFN-γ levels were significantly increased at D7 after transplantation compared to D0 and D28 (P < 0.05). The pig tracheal patchy site was open, and no stenosis was observed until D90 on tracheoscopy, when pale mucosa erosion was observed; there was also remnant suture material at D28. However, the tracheal patchy sites gradually became similar to normal mucosa at D60 and 90. The expression of pig genes was detected in the graft by PCR. Normal epithelium and CD3 cells were observed in the histological examination at D90.
Conclusion:
In this study, our data suggest that the pig tracheal patchy can be successfully engrafted into the trachea of dog, although erosion of mucosa on the graft was seen at D30, in spite of the discordant species.
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| INTRODUC TI ON
A tracheal lesion due to a malignant tumor or benign stenosis of the airway is often treated by tracheal allotransplantation or regeneration. 1 A short segmental tracheal lesion (<5 cm) can be resected with end-to-end anastomosis in human medicine. However, it is challenging to repair a long-segmental tracheal lesion (>5 cm) via an immediate repair of the long-segmental defects (eg, prosthetic tracheal repair, palliative treatment of the long-segmental defects) using tracheal allotransplantation or tracheal regeneration. 2 Indeed, it is well known that direct trachea transplantation is impossible due to the lack of a well-defined blood supply for blood vessel anastomosis during trachea allotransplantation. 2 Thus, the isolated trachea is wrapped within a well-vascularized soft tissue flap to achieve tracheal revascularization.
After full revascularization and mucosal regeneration are achieved (within 2-4 months), trachea allotransplantation is performed. 2 Recently, due to organ donor shortages, xenotransplantation using a pig has been widely studied. 3 With the development of geneediting techniques such as CRISPR/Cas9, several porcine xenotransplantation studies have been reported using genetically modified pigs. 4 Before trying to treat a long-segment tracheal defect model or use a genetically modified pig as a donor in dog xenotransplantation,
we evaluate the feasibility of using a small-sized (2 × 2 cm) wild-type pig tracheal patchy in a dog tracheal defect model in this study.
| MATERIAL S AND ME THODS

| Experimental animals, harvesting pig trachea, and surgical procedures for pig tracheal patchy apposition
The protocol for the animal experiment was approved by the Laboratory Animal Research Center of Chungbuk National University (CA-15-13).
Three healthy beagle dogs (age; 1 year, male, 8-9 kg) were used as recipients, and a wild-type pig (age; 2 months, male, 20 kg) was used as the donor for all three recipients. The pig was sacrificed following a protocol approved by Institutional Animal Care and Use Committee (IACUC), and the trachea was harvested aseptically and placed in steri- 
| Immunosuppressive regimen
Animals were administered antithymocyte globulin (2.5 mg/kg, IV, D0 and D1; Thymoglobulin, Genzyme, Cambridge, MA), tacrolimus (4.5 mg/kg, PO, twice a day for 2 months; Prograf, Astellas Pharma Korea, Seoul, Korea), and methylprednisolone sodium succinate (1 mg/ kg, IV, D0 and D1; Primedrol inj 125 mg, Jeilpharm, Seoul, Korea).
| Tracheoscopic examination
A tracheoscopy was performed at D28, 60, and 90 under general anesthesia. The mucosal surface of the pig tracheal patchy was examined, and no biopsy sample was taken.
| Quantification of the serum interleukin-2 (IL-2) and interferon-γ (IFN-γ)
On D0, 7, and 28, peripheral blood was collected from the cephalic vein. The concentrations of IL-2 and IFN-γ were measured by an enzyme-linked immunosorbent assay (ELISA) with immunoassay kits (Quantikine ® Colorimetric Sandwich ELISA, USA) according to the manufacturer's instruction.
| Gene evaluation of the pig 16S and the dog cytochrome b in the graft
Tissues were excised from the dog, pig, and graft of the pig tracheal patchy by cutting with scissors and then placing them in buffer 
| Primer design
A pair of canine-specific primers (cytochrome b, forward: 5′-CCT TAC TAG GAG TAT GCT TG-3′ and reverse: 5′-TGG GTG ACT GAT GAA AAA G-3′) and porcine primers (16S, forward: 5′-CAA CCT TGA CTA GAG AGT AAA ACC-3′ and reverse: 5′-GGT ATT GGG CTA GGA GTT TGT TAT TAG T-3′) defining a 100-bp region of dog cytochrome b and porcine 16S was developed using a publicly available primer 3 plus software (www.bioinformatics.nl/cgi-bin/primer3plus/primer3 plus.
cgi). The primers were screened for unique canine and gene specificity to eliminate potential nonspecific primer binding to the unintended site using an online local alignment tool in EMBL-EBI (http://www.ebi.
ac.uk/Tools/psa/emboss_needle/nucleotide.html). The primer products were purchased from Macrogen (Sungnam, Gyeonggi, Korea).
| PCR
Polymerase chain reaction was performed in 20 μL of total reaction volume composed of 1 × PCR master mix (Promega Corporation, 
| Histological examination
All dogs were euthanatized at D90. Grafts of the pig tracheal patchy were used for histological examination. The samples were fixed in 
| Statistical analysis
Values are expressed as the means and standard deviation. Friedman and Wilcoxon tests were used for data analysis. The level of statistical significance was set at P < 0.05. All statistics were analyzed with the SPSS software ver. 19.0 (SPSS, Chicago, IL, USA).
| RE SULTS
| Serum IL-2 and IFN-γ levels
The levels of the serum IL-2 and IFN-γ at D7 were significantly higher than those at D0 and 28 (P < 0.05) (Figure 1 ).
F I G U R E 1
The levels of IL-2 and IFN-γ in the peripheral blood at D0, 7, and 28. The levels of serum IL-2 and IFN-γ at D7 are significantly higher than are those at D0 and 28 (*P < 0.05). M ± SD (n = 3)
F I G U R E 2 Tracheoscopic images of the pig tracheal patchy in the dog. A; Slightly pale (similar to mucosa erosion) pig tracheal patchy with suture material can be seen (arrow) at D28. B; The protruding suture material is seen at D28 disappeared at D60. C; The area of the pig tracheal patchy looks normal (arrow) at D90
| Tracheoscopic examinations
On tracheoscopy, the airways were open, and no stenosis or malacic changes were seen during the examination period in all dogs. The pig tracheal patchy site with suture materials appeared to be slightly pale and looked more like a mucosa erosion than normal mucosa at D28 (Figure 2A ). Small yellowish tissues were seen in the center of the graft site and the periphery of the graft covered with normal mucosa ( Figure 2B ). The surface of the airway mucosa of the graft looked normal at D90 ( Figure 2C ).
| Gene evaluation of the pig 16S and the dog cytochrome b in the graft
The results of the PCR analysis confirmed the presence of the gene from the pig (Pig 16S) and the gene from the dog (dog cytochrome b)
in the pig tracheal patchy graft (Figure 3 ).
| Findings of histological examinations
Normal epithelium was observed in the graft on H&E and Masson's trichrome stain at D90. There were no CD20+ cells in the graft. Few CD3+ cells were observed under the epithelium (Figure 4 ).
| D ISCUSS I ON
In this study, pig tracheal patchy xenotransplantation led to a transient and moderate increase in the production of serum IL-2 and IFN-γ on D7 in the dog. The data implicate that acute rejection may occur at this time. However, the levels of IL-2 and IFN-γ in the peripheral blood on D28 decreased to the normal value (D0). In contrast to our data, IFN-γ, but not IL-2, can be used as a surrogate marker of the risk of acute rejection in human liver allotransplantation 5 and there is no correlation between the serum IL-2 and IFN-γ levels during acute rejection in human kidney allotransplantation. 6 This discrepancy in the correlation of the serum levels of IFN-γ, especially IL-2 as a surrogate marker of rejection, might be due to a strong T-cell response to the porcine xenograft compared with allotransplantation. One report has shown a large increase in IL-2 and IFN-γ secreting T cells prior to D7 after transplantation in a pig to primate heterotopic heart xenotransplantation model. 7 Tracheoscopic findings showed that the mucosa of the pig tracheal patchy might be replaced by the mucosa of the dog because the mucosa erosion of the entire pig tracheal patchy at D28
was gradually replaced by normal mucous membranes at D60 and D90. Although the expression of pig genes was detected by PCR at D90, these genes might have originated from the pig cartilaginous tissue. The histological findings at D90 showed normal tracheal epithelium with few CD3+ cells infiltration, which seemed to be normal resident T cells in the mucosa. This histological result might be the result of epithelial regeneration. In a previous study, the epithelial regeneration in animal models showed that airway epithelial cells can dedifferentiate, spread, and migrate over the denuded basement membrane and progressively redifferentiate to reconstitute a functional respiratory epithelium after several weeks. normalized at D60 and D90. This phenomenon is similar to healing mechanism of mucosa erosion in allotracheal transplantation without immunosuppression. Indeed, trachea mucosa has been shown to be a primary rejection site in rabbit allotracheal transplantation model without immunosuppression. 9 And, because desquamation of donor tracheal epithelium was replaced by recipient-derived epithelium, it was no need to temporary or permanent immunosuppressive therapy in mouse allotracheal transplantation model. 10 Contrast to epithelium of the transplanted trachea, immune rejection of cartilage can be avoided due to chondrocyte protected by matrix and very low antigenicity and no blood supply of cartilage in mouse allotracheal transplantation model. 11 Thus, although we discontinued tacrolimus at D60, there was no rejection on the graft site as evidenced by histology at D90. It is highly likely that there was rejection on the epithelium level before D28, but this epithelial layer would be replaced with the recipient-derived epithelium. Even if naturally existing antipig antibody level in the dog recipient was not analyzed in this study, we had confirmed that dog had mild level of naturally existing antipig antibody, and it's level increased after xenotransplantation in pig to dog encapsulated islet transplantation model (unpublished data).
Although we did not use immunosuppressive drug specifically for controlling anti-pig antibody, rejection of the cartilage may not be induced due to a low antigenicity of pig chondrocyte.
The limitations of this study are that tracheoscopic and histologic examinations for mucosa and epithelium evaluation, respectively, are not sufficient for tracking detailed patterns of the repair processes in pig tracheal patchy at several time points (D1, 3, 5, 7, and 14 for tracheoscopy, and D28 and 60 for histology).
Another pitfall is the lack of control group whereby comparing the normal pathophysiology to pig tracheal patchy in the dog without immunosuppression.
In conclusion, our data suggest that a small-sized (2 × 2 cm)
wild-type pig tracheal patchy can be successfully engrafted into the trachea of the dog under immunosuppression, although erosion of mucosa on the graft was seen at D30, in spite of xenotransplantation between the discordant species. It should need more potent immunosuppressive regimen to control early graft rejection of the mucosa in pig to dog tracheal patchy model. Future study will use a genetically modified pig as a donor in the context of a long-segment tracheal defect model using in the dog xenotransplantation setting. 
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